Transition metal impurities are known to adversely affect the efficiency of electronic and optoelectronic devices by introducing midgap defect levels that can act as efficient ShockleyRead-Hall centers. Iron impurities in GaN do not follow this pattern: their defect level is close to the conduction band and hence far from midgap. Using hybrid functional first-principles calculations, we uncover the electronic properties of Fe and we demonstrate that its high efficiency as a nonradiative center is due to a recombination cycle involving excited states. Unintentional incorporation of iron impurities at modest concentrations (10 15 cm -3 ) leads to nanosecond nonradiative recombination lifetimes, which can be detrimental for the efficiency of electronic and optoelectronic devices. Published by AIP Publishing. The Group-III nitride semiconductors and their alloys are being investigated for a wide variety of commercial applications. They are the active material in light-emitting diodes, 1 in high electron mobility transistors (HEMTs), 2 and in tunnel devices. 3 Fabrication of electronic devices requires the use of semi-insulating substrates or buffer layers, and Fe is used as an acceptor that compensates the unintentional n-type GaN. 4 Research on Fe in GaN has also been motivated by efforts to achieve room-temperature ferromagnetism in GaN. 5 In addition, unintentional incorporation of iron during epitaxial growth of GaN can be due to memory effects, or result from the presence of silica or alumina components in the system, or from the reaction of amides and halides formed from gas sources with stainless steel components. 6 Transition-metal impurities in semiconductors tend to form defect levels deep in the bandgap; for instance, copper, iron, or gold in silicon lead to multiple levels within the gap. 7 These levels enable efficient Shockley-Read-Hall (SRH) recombination, as evidenced by large capture cross sections ($10 À15 cm 2 ). 7 The SRH recombination has been blamed for efficiency losses in optoelectronic 8 and electronic devices. 9 For a defect density N and electron (hole) capture coefficients C n (C p ), the SRH recombination coefficient A is defined as 10, 11 A
There are strong experimental indications that Fe in GaN acts as an efficient nonradiative center. Using time-resolved photoluminescence, 12, 13 electron and hole capture coefficients C n ¼ 5. , large enough to adversely impact the efficiency of light-emitting devices. 8 The presence of iron can also affect the performance of electronic devices. For example, current collapse in AlGaN/GaN HEMTs has a strong correlation with Fe doping in the GaN buffer. 4 Efficient SRH recombination requires high capture rates for both electrons and holes [see Eq. (1)]. Since C n and C p decrease approximately exponentially with the energy of the transition, 14 it is generally assumed that only midgap states can lead to an efficient SRH recombination. The behavior of iron as an efficient recombination center is therefore surprising, since it has a deep acceptor level $0.6 eV from the conduction-band minimum (CBM). [15] [16] [17] The position of this level leads to a high electron capture rate, but is so far from the valence-band maximum (VBM) in GaN that the hole capture rate would be negligibly small.
In this Letter, we resolve the puzzle by pointing out the importance of excited states in the recombination cycle. We perform first-principles calculations based on hybrid density functional theory (DFT) that provide detailed information about both ground states and excited states of substitutional Fe in GaN. Such excited states have been experimentally observed in luminescence and absorption studies of GaN:Fe. 16, 18 We demonstrate how these excited states lead to efficient electron and hole capture in a cycle that does not even involve the ground state, rendering Fe as an efficient nonradiative recombination center.
Our calculations are based on DFT using the Vienna Ab initio Simulation Package VASP. 19, 20 A fraction of screened Fock exchange a ¼ 0.31 in the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional 21 leads to an accurate band structure for GaN with a bandgap of 3.48 eV and a reliable description of defect levels. 22 We also performed calculations using the Random Phase Approximation. 23, 24 We used the projector augmented wave (PAW) approach 25 with a plane-wave energy cutoff of 400 eV. Ga d states were treated as part of the core. Our tests indicate that including the Ga d states as valence states results in transition levels for Fe Ga that differ from d-in-the-core by less than 0.02 eV. Point-defect calculations were performed using a 96-atom supercell and the Brillouin zone was sampled at a special k-point k ¼ (1/4, 1/4, 1/4). Spin polarization was included in all cases. Spin configurations were calculated by enforcing the spin multiplicity. Tests using a 192-atom supercell showed transition levels changed by less than 0.09 eV. We consider nonradiative capture that occurs via multi-phonon emission.
14 Electron and hole capture coefficients are computed from firstprinciples following the methodology described in Ref. 26 . Calculations of the electron-phonon coupling matrix elements utilized the PAW wave functions within VASP for the valence-band, conduction-band, and defect states.
The formation energy of substitutional Fe on the Ga site in GaN is given by
where E tot (GaN) is the total energy of the pristine GaN supercell, E tot (Fe q Ga ) is the total energy of the structure containing the impurity in charge state q, and l Ga and l Fe are the chemical potentials of Ga and Fe. l Ga can vary between Ga-rich (equilibrium with bulk Ga) and Ga-poor conditions (equilibrium with N 2 molecules). For l Fe , the upper limit is set by the solubility-limiting phase, Fe 3 N. E F is the Fermi level, which is referenced to the VBM of GaN, and D q is the finite-size correction for charged defects. 27 Formation energies for various configurations of iron in GaN are shown in Fig. 1 . Iron on the nitrogen site (Fe N ) and in an interstitial configuration (Fe i ) have very high formation energies, larger than the formation energy of Fe Ga regardless of the position of E F or the choice of chemical potential. Hence, they are unlikely to occur. Indeed, electron paramagnetic resonance (EPR) measurements on the Fedoped GaN have observed Fe substituting on the Ga site, 28 consistent with our finding that Fe Ga has the lowest formation energy.
Fe Ga occurs in high-spin configurations. The crystal field splits the 3d states into e g and t 2g states (deviations from tetrahedral symmetry in the wurtzite phase are minor), and exchange splits the states into spin-up and spin-down states. The neutral charge state, Fe 0 Ga , is a spin sextuplet (S ¼ 5/2). This state is commonly referred to as Fe 3þ , where the "3þ" indicates the oxidation state, and we will follow this notation in this Letter. We find the occupied Fe d spin-up states to be located just below the GaN valence band, $7.3 eV below the VBM. The corresponding unoccupied spin-down states are located 0.57 eV above the CBM at C. The lattice distortion of the Fe 3þ state is small, with the four nearest-neighbor N atoms moving outwards by 0.5% of the Ga-N bond length.
The negative charge state, Fe À Ga (or 2þ oxidation state, Fe 2þ ), is a spin quintuplet (S ¼ 2). The four nearest-neighbor N atoms move outwards by 4%. One spin-down d state is now occupied, and has moved into the gap; the corresponding wave function is shown in the inset of Fig. 1 . Figure 1 shows that the (0/-) (or Fe 3þ /Fe 2þ ) thermodynamic transition level (acceptor level) is located 0.50 eV below the CBM. This result agrees with previous theoretical calculations 17 and is consistent with transient capacitance measurements 15 and with UV-VIS transmission spectra showing an absorption peak at $3 eV in Fe-doped GaN. 16 In the positive charge state, Fe 16 argued that in a tetrahedral crystal field these quadruplet states arise in the order 4 T 1 ; 4 T 2 ; 4 E, and 4 A 1 (the latter two being degenerate); although GaN has wurtzite rather than zinc-blende symmetry, we will also adopt this notation here, as is common practice in the literature. A luminescence peak observed at 1.299 eV was attributed to the 4 T 1 ! 6 A 1 transition, and transitions at 2.01 eV and 2.73 eV to two higher-lying excited states were also observed in absorption. 16 Our DSCF calculations thus produce very reasonable results for the lowest-energy configurations of a given spin multiplicity. In particular, they confirm that there is indeed a spin-triplet excited state for Fe 2þ . However, one has to be very cautious in interpreting calculated energies: in order to describe spin multiplet states, one often needs wavefunctions composed of more than one Slater determinant, 33 and this goes beyond the Kohn-Sham picture. For these reasons, in order to describe the energies of the 4 E; 4 T 2 , and 4 A 1 states of Fe 3þ , and of the 5 T 2 state of Fe 2þ , we rely on the results by Neuschl et al. 18 and O'Donnell et al. 31 cited above. For consistency, we also take the energies of the 4 T 1 (for Fe 3þ ) and 3 T 1 (for Fe 2þ ) states from experiment. A formation energy diagram that includes the excited states is shown in Fig. 2 .
The excited states open up new channels for nonradiative capture of electrons and holes. Fig. 3 Fig. 3(c) ].
The conclusion is that nonradiative recombination involves the quadruplet manifold of Fe 3þ and the triplet excited state of Fe 2þ . This results in a very efficient nonradiative recombination due to the fast capture of both electrons and holes and spin-conserving nonradiative intra-defect transitions. The calculated capture coefficients, at room temperature, are C n ¼ 1. 13 The agreement is particularly impressive given that these coefficients depend exponentially on transition energies. The calculated C n value is a bit too small, while C p is a bit too large. If the energy position of the 3 T 1 state would shift up by a mere 0.1 eV, both C n and C p would be in almost perfect agreement with experiment. , a value that can impact the efficiency of optoelectronic devices. 8 In summary, based on the first-principles calculations and careful analysis of electron and hole capture coefficients, we have evaluated nonradiative recombination rates for Fe impurities in GaN. We have solved the puzzle as to how Fe, which is known to be an acceptor with a level far from midgap ($0.5 eV below the CBM) can be an efficient SRH center. The critical role of excited states was elucidated.
